This study examines a corrosion control technique for corrosion-resistant materials or of stainless steel. This employs an effect of Radiation Induced Surface Activation (RISA). The experimental results revealed: (1) The mechanism behind the corrosion control proposed by the previous report was confirmed to be appropriate. This via tests that measured the amount of dissolved oxygen and iron ions, in the solution. (2) The corrosion control technique was confirmed to be useful for stainless steel with any kind of metal oxide film coating on the surface. (3) It was also shown to be useful even in actual seawater, due to biological effects, which is a far more severe environment for corrosion control than simple salt water. The corrosion control technique for corrosion-resistant material using RISA in seawater has therefore been shown to offer a significant potential for practical applications in naval architecture and marine structures.
Introduction
Important corrosion that affects a corrosion-resistant material such as stainless steel is localized and of two types: crevice corrosion in crevice structures, and pitting corrosion on the metal surface facing the free-flowing fluid. The former usually causes bigger practical problems because its critical corrosion potential is lower than that of the latter, and there are many crevice structures in marine and offshore structure 1) , 2) .
Here, excited electrons are transferred to a base metal in contact with the film, resulting in cathodic-anodic reactions and surface activation of the metal oxide film when the semiconductor film is irradiated by γ-rays. The authors first produced the phenomenon of radiation induced surface activation (RISA)
3), 4) and have been developing a new RISA-based corrosion protection method. The authors proposed a RISA-based corrosion mitigation method using γ-rays from outside of the material, or using a self-exciting technique by activating the film and/or the base metal 5) .
The previous report 6) described a corrosion mitigation technique based on RISA that prevents crevice corrosion in stainless steel by using low-intensity radiation. Corrosion tests were performed on semiconductor-coated stainless steel specimens immersed in artificial seawater and in close contact with a sealed 60 Co source (external irradiation) or activated by neutron irradiation (self-exciting). The results showed an electrode potential of -100 mV vs. SSE was produced and maintained on TiO 2 -coated SUS304 stainless steel specimens immersed in artificial seawater and in close contact with a small, sealed 60 Co source or activated by neutron irradiation, with no corrosion observed for more than 7 days. In contrast, the potential of specimens without a radiation source decreased to less than -280 mV vs. SSE and crevice corrosion occurred beneath the O-ring within a few days. The anode current density decreased with increasing surface dosage. This clearly showed that An outline of the mechanism of the proposed method is shown schematically in Fig. 1 . The direction of the gradient depends on the type of semiconductor material. The figure shown is for an n-type semiconductor. When a semiconductor film is irradiated by γ-rays, orbital electrons including valence electrons are excited to the conduction band by Compton scattering, and holes are introduced as a result. Because these electrons and holes have strong reducing and oxidizing activities, respectively, the cathodic and anodic reactions between the material and the solution will progress as shown in Fig. 1 . These reactions vary depending on the kind of solution, the dissolved oxygen concentration in the solution, and other factors. The electrons in the conduction band and holes created along the potential gradient result in a radiation-induced current. The direction of the radiation-induced current depends on the film's conduction type. Electrons move from the oxide film to the metal for n-type semiconductors, and therefore a current from the metal to the semiconductor film will be detected. This reaction makes the potential of the base metal less noble. If the resulting potential of the base metal is less noble than the iron's anodic dissolution equilibrium potential, base metal corrosion can be prevented. Also oxygen is generated by the anodic reaction as shown by the figure. The RISA effect can be realized for non-conducting materials which have large band gap energies such as in films where the electron and hole mobility is comparatively large. The proposed RISA corrosion protection method is non-sacrificial. It utilizes radiation energy without adding chemicals to the solution.
With these considerations in view, this paper reports a RISA-based corrosion mitigation technique to prevent crevice corrosion in stainless steel using low-intensity radiation in marine use. Corrosion tests were performed with some kind of semiconductor-coated stainless steel specimens immersed in artificial or actual seawater and in close contact with a sealed 60 Co source (external irradiation) or activated by neutron irradiation (self-exciting).
Experimental procedure
In the experiment, AISI Type 304 stainless steel plates 1 mm in thickness and 65 mm in diameter were used as the specimens 6) . Specimen surfaces were either uncoated or TiO 2 spray coated. Two irradiation methods were used: irradiation by external radiation sources, and internal irradiation in which the base metal and/or the semiconductor film was activated. A sealed 60 Co radioactive source was used for the γ-ray external irradiation. The irradiation surface dosage was 1,460 μGy/h. The effect of β radiation was negligible in these experiments because of β self-shielding in the 60 Co source. For the self-exciting method, the specimens were irradiated in the thermal column of the Yayoi reactor at the University of Tokyo.
The test specimens were immersed in a 3 wt% NaCl aqueous solution at room temperature with a holder (Fig. 2) . The contact between an O-ring (60 mm outside ring-diameter and 4 mm sectional diameter) for sealing the holder and the TiO 2 films was assumed to be a crevice structure, and the presence of crevice corrosion was examined. The measurement of corrosion potential and anodic polarization curves was performed with standard voltammetry (Hokuto Denko, HSV-100). The electrolyte, which was de-aerated with high-purity Argon gas, contained 0.05 M Na 2 SO 4 and the temperature was controlled at 25 o C (Fig. 3 ). 
Results and discussion

Effect of oxide film on corrosion control using RISA
Recently, a corrosion control method using ultraviolet or UV-catalyzed phenomena was developed for stainless steel. In this method a semiconductor film of titanium oxide is sprayed onto base metals or stainless steel. Konishi and Tsujikawa reported that under ultraviolet light illumination the corrosion potential of SUS304 coated with titanium oxide (using the sol-gel method) was approximately -250 mV vs. SSE in a 3 wt% NaCl aqueous solution 7) . Figure 4 shows the corrosion potentials for TiO 2 and Al 2 O 3 films, arc plasma treatment, and without film coated SUS304 specimens made self-exciting by pre-irradiation with neutrons in a reactor. These specimens were activated with 60 μGy/h radiation surface dosage. Here, some studies have revealed that the corrosion potential decreases to a less noble condition when crevice corrosion occurs in a corrosion-resistant material or stainless steel. As shown in Fig. 4 , the corrosion potential decreased gradually after the start of the test and the less noble condition of -260 mV vs. SSE was reached after the test had run for 6 days, for specimens with Al 2 O 3 film coated and plasma treatment. This result showed that not only TiO 2 film coated but also some oxide metal film coated could cause RISA effect for corrosion control. In contrast, the corrosion potential decreased immediately -300 mV vs. SSE was reached for the non-coated specimen. Figure 5 shows the anode polarization curves. As shown in the figure, the maximum current density was obtained when non coated specimen used. Contrary to this, the corrosion potential increased, the current density shifted to the lower side and the RISA effect appeared when Al 2 O 3 coated and arc plasma treatment specimens used. Figure 6 shows the relationship between the anode current density at -100 mV vs. SSE in corrosion potential and the surface dosage of the specimens. The previous report revealed that the anode current density decreases with increasing surface dosage, as shown in the figure 8) . This clearly shows that decreased anode current enhanced repassivation and the resulting corrosion mitigation. The anode current densities for specimens TiO These results showed the corrosion control technique was confirmed to be useful for stainless steel with any kind of metal oxide film coating on the surface.
Mechanism behind crevice corrosion control using RISA
Next, dissolved oxygen concentration in the solutions was measured using a highly sensitive galvanic cell oxygen sensor 9) (Iijima Electronics, ID-100), as oxygen was thought to be generated by the RISA effect. Fukaya et al. 10) reported oxygen was generated by the anode reaction in their UV-light experiment. Figure 7 shows the dissolved oxygen concentration in the solutions in which TiO 2 -coated SUS304 specimens were immersed. The dissolved oxygen concentration in the solutions remained constant when specimens were not irradiated and did experience crevice corrosion. In contrast, the concentration increased monotonically for RISA-protected specimens that did not corrode (irradiated by 60 Co). Movement of the electron from the semiconductor film to the base material or SUS creates a less noble condition with an anodic current. In the case of a corrosion-resistant metal or SUS, oxygen generation is caused by holes from the RISA effect and the resulting corrosion Concentrations of Fe 2+ and Fe 3+ in the solution were determined after the corrosion tests (Fig. 8) . Iron ion concentrations in the test solution were determined by coupling Fe 2+ ions to o-phenanthroline for measurement with an emission spectrochemical analyzer (Hitachi, U-2010). The total concentration of Fe 2+ and Fe 3+ ions was determined by coupling to ascorbic acid. The Fe 3+ ion concentration was calculated by subtracting the Fe 2+ concentration from the total concentration. Total iron ion concentration was lower in the test with γ-ray irradiation than in the test in a dark room. This may be because the dissolution of Fe 2+ from the SUS304 steel was decreased by crevice corrosion mitigation due to RISA. Also, the relative concentration of Fe 3+ ions was higher after γ-ray irradiation testing. This is thought to be the result of the oxidation of Fe 2+ to Fe 3+ by holes (h + ) generated by the RISA effect on the metal surface.
Actual sea water test
To confirm the corrosion control technique in actual sea water, where corrosion environment is more severe than artificial sea water due to attachment of sea microorganism. Actual sea water test was conducted in a sea-water pool (30 cm D×40 cm W ×60 cm L). Figure 9 shows transient corrosion potential in the test. The potential for specimen without γ ray and out of holder increased or obtained noble condition when 5 days after the test started, and then immediately decreased or obtained less noble condition. This is because of that bio-film was formulated due to microorganism attachment 11), 12) and noble condition was obtained by the generated active oxygen in the film. After the noble condition, the corrosion potential decreased due to generated crevice corrosion by marine organism attachment (such as Modiolus Nipponicus, see Fig. 10 ). The corrosion potential immediately decreased or obtained less noble condition or crevice corrosion occurred for specimen without γ ray and in holder with artificial crevice structure. In contrast, the corrosion There results demonstrated the RISA effect was also shown to be useful even in actual seawater, due to biological effects, which is a far more severe environment for corrosion control than simple salt water.
Conclusion
The authors first produced the phenomenon of radiation induced surface activation (RISA) in 2000, and have been developing a new RISA-based corrosion protection method. This report describes a corrosion mitigation technique based on RISA that prevents crevice corrosion in stainless steel by using low-intensity radiation. Corrosion tests were performed on semiconductor-coated stainless steel specimens immersed in artificial or actual seawater and in close contact with a sealed 60 Co source (external irradiation) or activated by neutron irradiation (self-exciting). The results can be summarized as follows:
(1) Not only TiO 2 film coated but also some oxide metal film coated could cause RISA effect for corrosion control. The corrosion potential increased, the current density shifted to the lower side and the RISA effect appeared when Al 2 O 3 coated and arc plasma treatment specimens used. While the densities for specimens with Al 2 O 3 film coated and arc plasma treatment are larger than that for specimen with TiO 2 film coated, those are definitely smaller than that for specimen without film coated.
(2) The mechanism behind the corrosion control proposed by the previous report was confirmed to be appropriate. This via tests that measured the amount of dissolved oxygen and iron ions, in the solution.
(3) It was also shown to be useful even in actual seawater, due to biological effects, which is a far more severe environment for corrosion control than simple salt water.
The RISA corrosion protection method is a non-sacrificial method that does not require the control of any environmental factors. The usefulness of the RISA mitigation technique has been demonstrated, and it can be expected to see practical use the field of marine engineering in the near future. 
